1. Introduction {#sec0005}
===============

The polymerase chain reaction (PCR) technique was invented by Kary Mullis in 1984 \[[@bib0005],[@bib0010]\], which has since been used to amplify individual deoxyribonucleic acid (DNA) segments for sequencing, genotyping and cloning. PCR technology is now one of the most important tools in biochemistry \[[@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035]\]. End-point PCR using traditional visualization methods, such as gel-electrophoresis, has evolved over the years in terms of reaction components, primer numbers and targets, and detection systems. These changes have been utilized to increase specificity, sensitivity, quantification, speed and to allow for automation.

Quantitative polymerase chain reaction (qPCR) is a technique that combines amplification and detection into a single process. Examples of qPCR applications include forensics \[[@bib0040]\], cancer diagnostics \[[@bib0045]\], Alzheimer's detection \[[@bib0050]\], stem cell research \[[@bib0055]\], and single-cell profiling \[[@bib0060],[@bib0065]\]. The related quantitative reverse-transcription PCR (qRT-PCR) technique, for the detection of ribonucleic acid (RNA), utilizes the same underlying principle following reverse transcription of RNA into DNA and is the basis for testing many important viruses including influenza \[[@bib0070]\] and SARS-CoV-2 \[[@bib0075],[@bib0080]\]. The qPCR platform integrates two steps: temperature cycling and detection, where detection is typically via fluorescence. Detection relies on one of two mechanisms: fluorescent dye integration into amplified double stranded products; or degradation of a dual labelled probe which resides between two external primers. Here we use the latter approach whereby a quenched fluorophore (from intact probe oligonucleotide), is released during thermal cycling and the measured fluorescence signal is proportional to the amplified DNA. Of particular interest is the fluorescence signal during the exponential phase of the reaction, which yields information on the initial quantity of the DNA template, hence the name "quantitative PCR."

While commercial qPCR systems are widely adopted in laboratory settings, developing portable, reliable and low-cost point-of-care devices is an area of active research. It is widely acknowledged, such as by the Bill and Melinda Gates Foundation, that such devices would particularly benefit healthcare in the developing world \[[@bib0085]\]. However, Petralia and Conoci note that despite the maturity of PCR chemistry and technologies, there are very few commercial point-of-care devices available \[[@bib0035]\]. This is due to the requirement that qPCR systems incorporate multiple elements, including micro-fluidics, a thermal cycling element, a temperature sensor, and a detection (namely fluorescence) unit. A particular limiting factor is the thermal cycling, with standard conduction-based methods typically having slow heating and cooling rates, meaning the qPCR thermal cycling stage can take 45--180 min \[[@bib0090]\]. While alternative techniques for isothermal PCR are being actively developed, such as loop-mediated isothermal amplification, thermal-based qPCR is still more sensitive and remains the gold standard for quantitative detection of targets in mixed samples \[[@bib0095]\]. Thus, under comparable PCR reaction conditions (number of thermal cycles, denaturation/anneal/extend temperatures), improving the thermal cycling efficiency is the preferred way to decrease assay times.

There have been numerous designs proposed to improve the thermal cycling efficiency. One approach is the use of microfluidic chips, where micro-droplets are loaded and actuated through the chip via methods such as vacuum pumping \[[@bib0100]\], electro wetting actuation \[[@bib0105]\], the use of a magnet on magnetic bead filled droplets \[[@bib0110]\], and capillary action \[[@bib0115]\]. A powerful benefit of this technique is that the qPCR mix can be moved between zones of different temperatures for the denaturation, annealing and extension steps \[[@bib0120]\]. However, the challenge with this approach is the precise control of the thermal and fluidic properties of the relatively small microfluidic chip \[[@bib0090]\], particularly if it is to be used as a point-of-care device with varying environmental conditions.

An alternative approach is to reduce the reaction volume to the nanoliter scale, enabling faster thermal transfer and thus reducing the thermal cycling duration. This is common with digital PCR, where the sample is split into many (order of hundreds to millions) partitions that contain either zero or one template DNA, which are subsequently counted to provide a digital readout of the original DNA template quantity \[[@bib0125],[@bib0130]\]. While portable digital PCR systems are under development, such as via integration with smartphone technology \[[@bib0135]\], the limitation of the currently available digital PCR systems is the high cost.

The concept of using micro/nano-droplets can, of course, be used in a traditional qPCR configuration to offer high speed thermal cycling. Recent demonstrations have shown that optically pumped systems offer particularly fast and controllable thermal cycling performance. This can be achieved through plasmonically mediated heating with gold films \[[@bib0140]\] and gold nanoparticles \[[@bib0145]\], or more directly by targeting the near-infrared (≈1.45 μm) absorption peak of water \[[@bib0150],[@bib0155]\]. In this case dozens of PCR cycling steps can be achieved in the order of minutes or less. However, these demonstrations have been achieved using bulky setups, such as requiring a fluorescence microscope \[[@bib0150],[@bib0155]\]. Indeed, the requirement for fluorescence detection in itself limits the potential portability of the system given the requirements for filters, light source, detector and sample positioning for measurement.

Optical fibers offer several advantages for field-portable and low-power qPCR given their inherent multiplexing capability, small size, and the vast array of portable fiber-integrated components that have arisen due to the telecommunications industry. This has already been proven in fields ranging from large scale structural health monitoring \[[@bib0160],[@bib0165]\] through to biomedical applications \[[@bib0170], [@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195]\]. Several optical fiber sensing schemes have been demonstrated for the detection of single-stranded DNA (ssDNA). For example, complementary ssDNA can be immobilized onto an optical fiber such as for the detection of quantum dot labelled ssDNA \[[@bib0200]\] or label-free detection using gold coated tapers fibers \[[@bib0205]\]. In our previous work, we demonstrated DNA detection with nanoliter samples by immobilizing molecular beacons to the internal surface of microstructured optical fiber \[[@bib0210], [@bib0215], [@bib0220]\]. However, these techniques are limited to relatively large concentrations of DNA and misses out on the amplification power of qPCR that allows it to detect and quantify ultra-low concentrations of DNA.

In this paper, we demonstrate an all-fiber all-optical qPCR system with ultra-fast temperature response, real-time temperature feedback, and nanoliter scale reaction volume, with strong potential for use as a portable, point-of-care device. The use of fiber optics provides the opportunity to implement a fully integrated system, while taking advantage of the optical fiber's well-known characteristics of being small, lightweight, and cheap. Our system uses a C-fiber microcavity to act as a nanoliter scale reaction container as well as a temperature sensor, a temperature cycling system utilizing a near-infrared laser for the ultrafast heating and cooling of the nanoliter sample in the microcavity, and an all-fiber fluorescence excitation/detection system to realize real-time, high sensitivity monitoring of fluorescence during the qPCR process. Further, by monitoring the optical path length of the C-fiber microcavity though optical interferometry, we demonstrate the potential for label-free real-time quantification.

2. Materials and methods {#sec0010}
========================

2.1. Operating principle {#sec0015}
------------------------

In general, a fluorescence qPCR system consists of two main parts, (i) thermal cycling of the PCR mix to facilitate DNA amplification and (ii) measuring fluorescence from the PCR mix to confirm DNA amplification.

A schematic diagram of our all-fiber qPCR system based on the optical fiber microcavity, laser ultra-fast heating system, and an all-fiber fluorescence excitation/detection system is illustrated in [Fig. 1](#fig0005){ref-type="fig"} a and b. At the center of the system is a microcavity formed by a C-fiber with cross section shown in [Fig. 1](#fig0005){ref-type="fig"}c.Fig. 1Schematic diagram of the all-fiber qPCR system. (b) Schematic diagram of the C-fiber cavity. (c) Microscope cross sectional image of the C-fiber. (d) Microscope image of the C-fiber cavity filled with 6-Carboxyfluorescein (6-FAM) fluorescent solution. The green inside the C-fiber is the generated fluorescence with the excitation source turned on. Acronyms: LPF, Long Pass Filter; SMF, Single Mode Fiber; MMF, Multimode Fiber (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 1

Shown on the right hand side of [Fig. 1](#fig0005){ref-type="fig"}a, thermal cycling is achieved using light from a 1440 nm laser that targets the water absorption peak and is injected into the microcavity via a 3 dB coupler. Simultaneously, the reflection of a swept wavelength laser (1510−1590 nm) is used to detect temperature changes in the Fabry-Perot cavity formed between the two ends of the MMFs. The temperature of the samples can be derived from the fringe shift of the Fabry-Perot reflection spectrum. This temperature value is then used as feedback to the 1440 nm laser controller to form a specified qPCR temperature cycle.

On the opposite side of the cavity, a fluorescence excitation/detection system based on a 473 nm laser and spectrometer is used to excite and detect the fluorescence of the samples during the qPCR temperature cycles. [Fig. 1](#fig0005){ref-type="fig"}d shows an image of the C-fiber microcavity filled with a solution of 6-Carboxyfluorescein (6-FAM), which is seen to fluorescence under excitation at 473 nm and confirms that the solution was filled into the cavity. Considering that the diameter of the microcavity was 42 μm and the length was 150 μm, the internal reaction volume was approximately 0.2 nL. The reaction volume can be adjusted according to requirements by increasing/reducing the length or diameter of the C-fiber.

2.2. C-fiber and microcavity fabrication {#sec0020}
----------------------------------------

The C-fiber used to form the microcavity is a silica capillary with one side open to allow for fluid ingress \[[@bib0225]\]. It was fabricated in-house using a two-step technique, which we have previously used to fabricate exposed core microstructured optical fiber \[[@bib0230], [@bib0235], [@bib0240]\]. Briefly, a preform was first fabricated by ultrasonic drilling a central hole and the cutting the open slot. The preform was then drawn into fiber with 140 μm diameter.

The microcavity was fabricated by splicing a section of the C-fiber between an MMF (50 μm core diameter / 125 μm cladding diameter, fluorescence detection side) and single mode fiber (SMF28, laser heating and temperature measurement side) using an arc splicer (Fujikura FSM-100 P). A 100 μm length of MMF was spliced between the SMF and C-fiber to spread the SMF output and allow uniform heating of the filled microcavity. The length of the microcavity can be adjusted by controlling the length of C-fiber. Typically, the length should not be too short compared to the fiber diameter so that the cavity can be filled amply with the sample. Conversely, beam divergence limits the maximum length that can be used. Thus, in this paper we used a 150 μm microcavity, which was experimentally observed to be a good compromise between these two effects.

2.3. Optical system for infrared laser thermal cycling {#sec0025}
------------------------------------------------------

The infrared laser ultrafast temperature cycling system (shown in [Fig. 1](#fig0005){ref-type="fig"}a) consisted of a 1440 nm laser (QPhotonics, LLC, QFBGLD-1440-250), a swept wavelength optical sensor interrogator (National Instruments PXle-4844, 1510--1590 nm, 4 pm resolution, 10 Hz), a 1500 nm long pass filter (LPF, Thorlabs, FEL1500), a coupler, and a circulator.

The 1440 nm laser was used for ultrafast heating of the reaction, which targets the absorption peak of water \[[@bib0245]\]. The laser current was controlled with feedback from the temperature measurement described below to achieve the temperature required for qPCR thermal cycling.

The optical sensor interrogator was used to measure the Fabry-Perot reflection spectrum formed in the microcavity. The 1500 nm LPF was used for preventing the 1440 nm laser, 473 nm laser, and 520 nm fluorescence from entering the optical sensor interrogator, which would otherwise give background noise to the temperature measurement. The reflection spectrum of the Fabry-Perot interferometer can be analyzed using a simple two-path interference model,$$I_{out} = I_{1} + I_{2} + 2\sqrt{I_{1}I_{2}}\cos\left( {\frac{4\pi L_{C}}{\lambda}n} \right),$$where *I~1~* and *I~2~* are light intensities of the two reflections at the MMF/C-fiber interfaces, *λ* is the free space wavelength, *L~C~* is the length of the C-fiber microcavity, and *n* is the internal refractive index of the C-fiber microcavity. The refractive index of the PCR mix inside the cavity changes with temperature. Thus, the refractive index inside the cavity, *n*, at a temperature, *T*, can be expressed as,$$n(T) = n(T_{0}) + \frac{dn}{dT}\left( {T - T_{0}} \right),$$where *n(T~0~)* is the refractive index of the PCR sample is temperature *T~0~* and *dn/dT* is, approximately, the thermo-optic coefficient of water. Thus, the Fabry-Perot interferometer can achieve the measurement of the temperature of the filled liquid by monitoring the change of the Fabry-Perot interference spectrum.

2.4. qPCR master mix and reaction conditions {#sec0030}
--------------------------------------------

The human ACTB gene, commonly used as a housekeeping gene for gene expression studies, was used here as a "proof-of-concept" target template \[[@bib0250]\]. The sequence of the ACTB gBlock gene is: 5′-TACGTGCGTCACATGCAGTACACAGAGCCTCGCCTTTGCCGATCCGCCGCCCGTCCACACCCGCCGCCAGCTCACCATGGATGATGATATCGCCGCGCTCGTCGTCGACAACGGCTCCGGCATGTGCAAGGCACTAGCTCAGATTCAGTAGACCGCTGTTG-3′. Primers and probes were obtained from IDT as pre-designed PrimeTime™ qPCR Probe assay (Hs.PT.39a.22214847), which consists of a primer pair and 5′ nuclease probe at a ratio of 2:1. The primer and probe sequences are as follows:

Primer 1: 5′-CCT TGC ACA TGC CGG AG-3′;

Primer 2: 5′-ACA GAG CCT CGC CTT TG-3′;

Probe: 5′-/56-FAM/TC ATC CAT G/Zen/G TGA GCT GGC GG/3IABkFQ/-3′.

The probe was labeled using 6-FAM, which has excitation and emission wavelengths of 492 nm and 517 nm, respectively, and a 3′ Iowa Black® quencher, which has an absorption spectrum ranging from 420 to 620 nm.

qPCR reactions were carried out as per manufacturer's instructions using the PrimerTime gene expression master mix (2×) for a 20 μL reaction volume. The reaction includes PrimeTime Gene Expression Master Mix (2×) 10 μL, PrimeTime™ qPCR Assay 1 μL, DNA template (1 ng, 9.53 fmoles/ng, 50 pg/μL) and nuclease-free water (bring to 20 μL). Reactions carried out within the optical fiber used mineral oil (DNase, RNase, protease, none detected, Sigma-Aldrich) to cover the surface of the PCR mix cavity to achieve heat insulation and prevent qPCR mix outflow. Given the cavity volume was approximately 0.2 nL, the number of DNA template molecules was approximately 5.7 × 10^4^. The qPCR mix filled cavity was then placed into a water bath, which was set at 60 °C as a baseline temperature for the qPCR experiments.

Manufacturer's instructions were followed for setting up two-step reactions. Briefly, the qPCR cycling conditions included an initial denaturation of 95 °C for 3 min followed by 40 cycles of 95 °C (denaturation) for 15 s, and 60 °C (anneal and extend) for 45 s. No-template control (NTC) reactions were included and run under the same conditions.

2.5. Optical system for fluorescence detection {#sec0035}
----------------------------------------------

The fluorescence excitation/detection system, shown in [Fig. 1](#fig0005){ref-type="fig"}a, consisted of a 473 nm laser, a spectrometer (Horiba iHR 550) and a 488 nm LPF (Semrock). The 473 nm laser and spectrometer were used for exciting and detecting the fluorescence of the reaction, respectively. The 500 nm LPF was used for preventing the excitation laser light (473 nm) from affecting the detection of the emission fluorescence signal (517 nm).

3. Results {#sec0040}
==========

3.1. Infrared laser thermal cycling {#sec0045}
-----------------------------------

The temperature sensing response of the Fabry-Perot interferometer was first calibrated by immersing the sealed cavity into a temperature-controlled water bath. The microcavity was filled first with water and then with the qPCR reaction mix, and the Fabry-Perot reflection spectra were recorded at different ambient temperatures (60−95 °C with 5 °C steps, recorded using the water bath's in-built temperature reference). Three example spectra are shown in [Fig. 2](#fig0010){ref-type="fig"} a for the case of water filled into the cavity, showing a clear shift in the interference spectrum as the temperature was increased. Previous studies have shown that the C-fiber cavity itself is very sensitive to the change of internal refractive index, but is insensitive to temperature when air-filled \[[@bib0255]\]. [Fig. 2](#fig0010){ref-type="fig"}b shows the corresponding phase change of the Fabry-Perot interference spectra as a function of temperature, which is due to temperature causing a change in refractive index of the solution filling the cavity. It can be seen from [Fig. 2](#fig0010){ref-type="fig"}b that the phase of the Fabry-Perot spectrum decreases with increasing temperature for both the case of water or qPCR reaction mix filled into the microcavity. The two curves are identical, indicating that the thermo-optic coefficient of the qPCR reaction mix is sufficiently similar to water for the water calibration curve to be used for the subsequent qPCR experiments.Fig. 2(a) Fabry-Perot interference spectra of the water-filled microcavity at different ambient temperature. (b) Phase change of the Fabry-Perot interference spectra (water and qPCR mix filed microcavity) at different ambient temperatures. (c) Phase change of the Fabry-Perot interference (water and qPCR mix microcavity) spectra with different laser current. (d) Phase change and corresponding temperature of the Fabry-Perot interference spectra (qPCR mix microcavity) with laser current cycling.Fig. 2

[Fig. 2](#fig0010){ref-type="fig"}c shows the phase change of the Fabry-Perot spectra as the 1440 nm laser power is increased when the cavity contains either water or the qPCR reaction mix. The second vertical axis shows the corresponding temperature value, as determined from [Fig. 2](#fig0010){ref-type="fig"}b. This demonstrates that the liquid in the microcavity can be heated by the 1440 nm laser and its temperature can be measured in real time with good repeatability and minimal hysteresis. We note that there is a small difference in the heating response of the water and qPCR mix, which we attribute to differences in the absorption coefficient at 1440 nm. Previous studies have shown that different salt solutions will have different absorption coefficients for a given wavelength \[[@bib0260]\]. Therefore, for the qPCR thermal cycling we used the laser intensity-temperature coefficient of the qPCR reaction mix. [Fig. 2](#fig0010){ref-type="fig"}d shows the thermal cycling of the qPCR mix produced by controlling the laser current. Due to the small nanoliter volume in the cavity and the fast laser-based thermal cycling system, the liquid can be heated/cooled to a specified temperature in a few hundred milliseconds (mean heating rate was approximately 0.1 °C/ms). Meanwhile, the system also has the advantages of real-time temperature feedback, good stability and repeatability.

3.2. All-fiber all-optical qPCR {#sec0050}
-------------------------------

[Fig. 3](#fig0015){ref-type="fig"} a and b show the fluorescence spectra over 40 qPCR cycles for the NTC and target samples, respectively. It can be seen from [Fig. 3](#fig0015){ref-type="fig"}a that in the absence of target DNA, the change in the fluorescence intensity was negligible with increasing cycles, as expected for a negative control sample. [Fig. 3](#fig0015){ref-type="fig"}b shows that in the reaction containing ACTB gene target DNA the fluorescence intensity increased as a function of the number of cycles, as expected in the qPCR reaction. [Fig. 3](#fig0015){ref-type="fig"}c shows the amplification curves for duplicate NTC and target experiments (separately prepared cavities for each measurement) using our all-fiber qPCR system, which clearly illustrates that the target DNA had been amplified and detected.Fig. 3Fluorescence spectra and amplification curves for increasing qPCR cycles. (a) NTC, (b) target, (c) amplification curve from the all-fiber qPCR system, and (d) amplification curve from the ViiaTM 7 Real-Time PCR system. (c), (d) "1" and "2" are replicates.Fig. 3

We note that there are differences in the amplification curves for the two positive experiments in [Fig. 3](#fig0015){ref-type="fig"}c. The lengths of the cavities are nominally the same (approx. 150 μm), thus the differences are likely attributed to variations in the sample volume that entered the cavities or errors associated with the sample preparation. Alternatively, there may be subtle differences in the fabrication of the optical fiber system that impacts the excitation and collection efficiency of the fluorescence. In any case, the device shows a clear differentiation between the target and control samples demonstrating that the PCR reaction was carried out as expected.

To verify the amplification results of our all-fiber qPCR system, similar qPCR experiments with the same amplification conditions were conducted using a commercial qPCR system (Viia™ 7 Real-Time PCR system). [Fig. 3](#fig0015){ref-type="fig"}d shows that the amplification curves with two negative and positive experiments run with the Viia™ 7 Real-Time system were consistent with those obtained with our all-fiber system.

Comparing our all-fiber all-optical qPCR system with the commercial qPCR system, the reaction volume was significantly smaller at 0.2 nL compared to 20 μL while the thermal response time was only 450 ms compared to 30 s, which significantly reduced the time required to reach stability for each thermal-cycling step. We otherwise kept the denaturation/anneal/extend times as per manufacturer's instructions, resulting in the total reaction being completed in only 40 min compared to 90 min.

3.3. Label-free qPCR {#sec0055}
--------------------

A recent study by Yasui et al. demonstrated that DNA amplification can potentially be detected through changes in refractive index of the sample \[[@bib0265]\]. This can be exploited in our all-fiber qPCR system due to its ability to continuously measure changes in the optical path length inside the microcavity. As was shown in [Fig. 2](#fig0010){ref-type="fig"}, we utilized the change in optical path length to monitor the internal temperature as feedback for the laser that is driving the temperature cycling. However, it is possible to simultaneously monitor any accumulated change in the optical path length that may arise from the PCR amplification process as a result of chemical changes if they lead to refractive index changes. [Fig. 4](#fig0020){ref-type="fig"} a and b show the phase changes during the negative and positive qPCR process. In the negative qPCR process, the phase change at 60 °C and 95 °C remains stable with increasing thermal cycles, while in the positive qPCR process the phase change at 60 °C and 95 °C decreases with increasing thermal cycles. [Fig. 4](#fig0020){ref-type="fig"}c shows the phase change with increasing cycles in the two negative and two positive qPCR processes (same experiment as from [Fig. 3](#fig0015){ref-type="fig"}). Thus, the refractive index change of the mix reflects the DNA quantity, confirming the potential of the all-fiber all-optical qPCR system to also operate as a label-free qPCR system.Fig. 4(a) Phase change for increasing qPCR cycles (negative control), (b) phase change for increasing qPCR cycles (target), (c) phase-cycles amplification curve, (d) amplification curve for the fluorescence detection (solid lines) compared to the detection of the Fabry-Perot interferometer phase change (dashed lines). The curves for replicate "1" were normalized to unity for both the interferometer response and the fluorescence response (Positive 1 in [Fig. 3](#fig0015){ref-type="fig"}c and Positive 1 in [Fig. 4](#fig0020){ref-type="fig"}c). The values for the replicate "2" test (Positive 2 in [Fig. 3](#fig0015){ref-type="fig"}c and Positive 2 in [Fig. 4](#fig0020){ref-type="fig"}c) were scaled with the same normalization.Fig. 4

Closer analysis shows different behavior between the interferometer amplification curve ([Fig. 4](#fig0020){ref-type="fig"}c) and the fluorescence amplification curve (from [Fig. 3](#fig0015){ref-type="fig"}c), as shown in [Fig. 4](#fig0020){ref-type="fig"}d. We see that there is a functional difference, with the interferometer initially responding faster compared to the fluorescence detection. This indicates that the refractive index changes are potentially an indirect, rather than direct, measure of the PCR process as the relationship between the number of DNA and the refractive index change is nonlinear. Ideally the refractive index change would be caused by the increasing DNA number, but it may also be a function of increasing free quencher molecules or the linking of the floating nucleotides. While the exact molecular causes need to be further explored, the device clearly shows potential for label-free operation but may require calibrating the DNA number to the refractive index response for given experimental parameters.

4. Discussion {#sec0060}
=============

We have demonstrated qPCR using an all-fiber, all-optical system, which offers great opportunity for being implemented as a portable device due to the intrinsic small size of fiber optics. In addition to miniaturizing the back-end optics (lasers and spectrometer), for which there are commercially available solutions, we see the following three keys areas of future development towards the goal of creating field portable qPCR based on fiber optics.

4.1. Multiplexing {#sec0065}
-----------------

For a qPCR system it is important to achieve multichannel amplification. This can be readily achieved in an optical fiber platform, through combination of parallel or in-series configurations. In a parallel configuration, optical couplers and optical switching allows for the use of multiple-channels. Alternatively, the microcavities can be spliced in-series with each cavity having a different length so that the temperature measurement through the Fabry-Perot interference can be demultiplexed. The tradeoff with the parallel configuration is that the infrared heating laser is split between the channels, increasing the requirements for the pump power. Meanwhile, the in-series configuration reduces the flexibility in controlling the infrared laser to achieve the required temperature in each specific cavity. There is also a consideration that the pump, fluorescence, and Fabry-Perot interference signals will degrade as they propagate through each cavity. Therefore, it is likely that multichannel amplification would require the combination of these two configurations.

4.2. Integration with microfluidics for sample preparation {#sec0070}
----------------------------------------------------------

Our all-fiber all-optical qPCR system achieved the amplification of the target DNA with a nanoliter reaction volume. However, the sample was initially prepared with a relatively large volume (20 μL) and only a small fraction was used. This was due to limitations with external pipetting and thus the volume prepared was similar to that used for conventional qPCR equipment. This is a common issue faced by many droplet-based qPCR systems. In future, our platform could be incorporated with microfluidics \[[@bib0270]\], which has been demonstrated for other optical fiber systems \[[@bib0275]\]. This could allow for low-volume mixing with higher volumetric precision of the multiple components of the PCR reaction mix to allow for sub-microliter sample usage and device reusability.

4.3. All-optical sample preparation {#sec0075}
-----------------------------------

Kanaka *et* al demonstrated that in addition to driving the thermal cycling of a PCR reaction, an infrared light source could be used in the sample preparation stage such as cell lysis \[[@bib0150]\]. Our all-fiber all-optical qPCR system also has the possibility of integrating the sample preparation to develop an integrated all-fiber all-optical system for the complete pathway from lysis to qPCR amplification. In addition to improved portability, laser-based cell lysis could offer an effective method for DNA extraction from cells that are difficult to disrupt, such as spores \[[@bib0280]\].

5. Conclusions {#sec0080}
==============

In this paper, we have demonstrated qPCR using an all-fiber, all-optical system with ultra-fast temperature response, real-time temperature feedback, and nanoliter scale reaction volume by using an C-fiber microcavity and ultrafast laser heating system. Further, we demonstrate the potential of the system to operate as a label-free qPCR system through measurement of the sample refractive index. The method provides the opportunity to implement a fully integrated system, while taking advantage of the optical fiber's well-known characteristics of being small, lightweight, and cheap. We anticipate that this platform technology will offer a new strategy for fundamental techniques in biochemistry applications, such as point-of-care and remote diagnostics, and in-field forensics.
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